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Abstract 

The FeSe superconductor and its related systems have attracted much attention in the iron-based 
superconductors owing to their simple crystal structure and peculiar electronic and physical prop¬ 
erties. The bulk FeSe superconductor has a superconducting transition temperature (Tc) of ~8 K; 
it can be dramatically enhanced to 37 K at high pressure. On the other hand, its cousin system, 
FeTe, possesses a unique antiferromagnetic ground state but is non-superconducting. Substitution 
of Se by Te in the FeSe superconductor results in an enhancement of Tc up to 14.5 K and super¬ 
conductivity can persist over a large composition range in the Fe(Se,Te) system. Intercalation of 
the FeSe superconductor leads to the discovery of the Aj;Fe 2 -ySe 2 (A=K, Cs and Tl) system that 
exhibits a Tc higher than 30 K and a unique electronic structure of the superconducting phase. 
The latest report of possible high temperature superconductivity in the single-layer FeSe/SrTiOs 
films with a Tc above 65 K has generated much excitement in the community. This pioneering 
work opens a door for interface superconductivity to explore for high Tc superconductors. The 
distinct electronic structure and superconducting gap, layer-dependent behavior and insulator- 
superconductor transition of the FeSe/SrTiOs films provide critical information in understanding 
the superconductivity mechanism of the iron-based superconductors. In this paper, we present 
a brief review on the investigation of the electronic structure and superconductivity of the FeSe 
superconductor and related systems, with a particular focus on the FeSe films. 
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1. INTRODUCTION 


The iron-based superconductors discovered in 2008 [1] represent the second class of high 
temperature superconductors after the discovery of the hrst class of high-Tc cuprate super¬ 
conductors in 1986 [2], The superconducting transition temperature (Tc) has reached ~55 
K[3-6] that is beyond the generally-believed McMillan limit of the conventional supercon¬ 
ductors. Indications of even higher Tc have emerged in the single-layer FeSe £lms[7-10]. 
Since the discovery of the cuprate superconductors, understanding the high temperature su¬ 
perconductivity mechanism remains a prominent and challenging task facing the condensed 
matter physics community. The discovery of the iron-based superconductors provides an 
opportunity to compare and contrast with the cuprate superconductors that may lead to 
uncover the clue of high temperature superconductivity. Great progress has been made 
in materials preparation, experimental investigation, and theoretical understanding of the 
iron-based superconductors [11-20]. 

So far, several families of the iron-based superconductors have been discovered that can 
be mainly categorized into ‘ll’[21], Tll’[22], ‘122’[23] and Tlll’[l, 3-5] systems according 
to their crystal structure (Fig. 1)[12]. Similar to the cuprate superconductors, the iron-based 
superconductors are quasi-two-dimensional in their crystal structure. The FePn (Pn=As or 
Se) layer is an essential building block that is believed to be responsible for the supercon¬ 
ductivity in the iron-based superconductors. Different from the cuprate superconductors 
where the Cu02 plane is basically co-planar, the FePn (Pn=As or Se) unit consists of three 
layers with the central Fe layer sandwiched in between two adjacent Pn (Pn=As or Se) 
layers. This results in the doubling of the unit cell in the iron-based superconductors and 
the folding of the corresponding electronic structure (Fig. 2). Most significantly, different 
from the cuprate superconductors where the low-energy physics is mainly dominated by the 
single Cu 6 .^ 2 _y 2 orbital, in the iron-based superconductors, all the five Fe 3d orbitals par¬ 
ticipate in the low-energy electronic structures[24-27]. Generally, there are multiple bands 
crossing the Fermi level that form hole-like Fermi surface sheets near the Brillouin zone cen¬ 
ter and electron-like Fermi surface sheets near the zone corner[28-35]. The multiple-orbital 
nature (Fig. 2) [36, 37] plays an important role in understanding the physical properties and 
superconductivity mechanism in the iron-based superconductors. 

Among all the iron-based superconductors, the FeSe superconductor and its related sys- 
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terns have gained particular attention due to their simple crystal structure and peculiar 
electronic and physical properties. The FeSe superconductor has a simple crystal structure 
consisting of the FeSe layer that is the essential building block in the iron-based super¬ 
conductors; such a simple structure is ideal for theoretical and experimental study of the 
superconductivity mechanism. The bulk FeSe superconductor has a superconducting tran¬ 
sition temperature (Tc) of ~8 K[21]; it can be dramatically enhanced to 37 K at high 
pressure[38]. On the other hand, its cousin system, FeTe, possesses a unique antiferromag¬ 
netic ground state but is non-superconducting[39]. Substitution of Se by Te in the FeSe 
superconductor results in an enhancement of Tc up to 14.5 K and superconductivity can 
persist over a large composition range in the Fe(Se,Te) system[40, 41]. Intercalation of the 
FeSe superconductor leads to the discovery of the Aa,Fe 2 -j;Se 2 (A=K, Cs and Tl) system that 
exhibits a Tc higher than 30 K[42-45] and unique electronic structure of the superconducting 
phase[17, 46, 47]. The latest report of possible high temperature superconductivity in the 
single-layer FeSe/SrTiOa dims with a Tc above 65 K has generated much excitement in the 
community[7-10]. This pioneering work opens a door for interface superconductivity to ex¬ 
plore for high Tc superconductors[7]. The distinct electronic structure and superconducting 
gap, layer-dependent behavior and insulator-superconductor transition of the FeSe/SrTiOs 
dims provide critical information in understanding the superconductivity mechanism of the 
iron-based superconductors. 

In this paper, we will present a brief review on the investigation of the electronic struc¬ 
ture and superconductivity of the FeSe superconductor and related systems. We will put 
particular focus on the FeSe dims that is an exciting and fast-growing held. The paper is 
organized as follows: In Section 2, bulk FeSe and related materials are drst introduced. In 
Section 3, we will discuss the electronic properties of the FeSe dims, including Fermi surface, 
band structure, gap symmetry and the evolution of electron structure with annealing. The 
implications and theoretical understandings are presented in Section 4. In Section 5, we end 
with further issues to be investigated and a future perspective. 
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2. ELECTRONIC STRUCTURE OF BULK Fe(Se,Te) SYSTEM AND INTERCA¬ 
LATED FeSe 

2.1. Bulk Fe(Se,Te) 

Bulk FeSe superconductor with a Tc of 8 K was first discovered in 2008 in a tetragonal 
phase /3-FeSe with PbO-structure at ambient pressure (Fig. 3a)[21], It has been found that 
excess Fe is inevitable to stabilize the crystal structure of Fei+^Se and the superconductivity 
is very sensitive to its stoichiometry (5) [48]. The FeSe superconductor exhibits a dramatic 
pressure dependence (Fig.3c), in particular, its Tc can be enhanced to 36.7 K under high 
pressure[38]. At ambient pressure, FeSe superconductor undergoes a structural transition 
from tetragonal to orthorhombic around 90 K but without a magnetic transition[48, 49]. This 
is distinct from many other iron-based parent compounds where the structural transition is 
usually accompanied by a magnetic phase transition[50-56]. However, under high pressure, 
static magnetic order is observed in superconducting FeSe [57]. Short range spin fluctuation 
has also been reported in FeSe superconductor that is enhanced under high pressure [58]. 

As Se is gradually replaced by Te in FeSe, superconductivity with a maximum Tc around 
14.5 K can be observed in a large composition range (x) in the Fei+^Sei-ajTe^; system (Fig. 
3d)[40, 59]. Again, the excess Fe content (5) has a big effect on the physical properties and 
superconductivity in this case [48]. The excess Fe is found to be located at the interstitial 
sites[39]. Fei+^Te is present at the other end of the Fei+ 5 (Sei_a,Tea;) phase diagram (Fig. 
3d). It undergoes a phase transition between 60-75 K[40, 60] and no superconductivity is 
observed in the bulk Fei+^Te. Signature of superconductivity is reported in the FeTe dims 
but is likely due to the incorporation of oxygens[61-63]. At low temperature, Fei+^Te shows 
an antiferromagnetic order of bi-collinear structure (Fig. 3b, upper panel) that is distinct 
from the usual collinear magnetic structure observed in many other parent compounds like 
BaFe 2 As 2 (Fig. 3b, lower panel) [39, 64]. 

The band structure and Fermi surface of the bulk FeSe superconductor (Fig. 4a and 4b) 
from the band structure calculations show similar behaviors as other iron-based supercon¬ 
ductors, i.e., the low energy electronic states originate mainly from the iron 3d orbitals, and 
there are two hole-like Fermi surface sheets at the zone center and two intersecting electron¬ 
like Fermi surface sheets around the zone corner[65]. Direct ARPES measurements on the 
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FeSe superconductors has been hindered due to the difficulty in obtaining FeSe single crys¬ 
tals. With the latest progress on growing high-quality FeSe single crystals [66-69], several 
ARPES measurements on the FeSe superconductor have become available[30, 70, 71]. 

The ARPES results on FeSe single crystals reported so far give a basically consistent 
picture[30, 70, 71], as exemplihed in Fig. 4. First, at low temperature below the structural 
transition (~90 K), the F point is dominated by two hole-like bands (Fig. 4f), while near the 
M point, an electron-like band crossing the Fermi level and a hole-like band at higher binding 
energy are observed. Second, the measured electronic structures show a signihcant difference 
from the band structure calculations; the bands undergo a pronounced orbital-dependent 
renormalization. Third, there is an obvious change of the electronic structure across the 
structural phase transition[70, 71]. An energy splitting of bands up to 50 meV around the 
M point is observed below the structural transition. This is interpreted as the splitting of the 
dyz and dxz orbital bands (Fig. 4e), indicating the orbital ordering. In particular, the Fermi 
energy for both the hole-like bands near the zone center and the electron-like band near 
M is rather small. These are consistent with the quantum oscillation measurements[72, 73] 
and STM measurement [74] of the FeSe crystals. The comparable energy scale of the Fermi 
energy, superconducting gap, and Zeeman energy in FeSe superconductor also provides a 
window to look into the BCS-BEC crossover regime[74]. 

FeTe[40, 60], as a cousin of FeSe, shows quite different behaviors. It is non¬ 
superconducting and undergoes a strutural/magnetic transition around K[40, 60] 

(Fig. 5e). It is semiconductor-like above the transition while becomes metallic below the 
transition (Fig. 5e). Initial ARPES measurements reveal a pair of nearly electron-hole 
compensated Fermi pockets, strong Fermi velocity renormalization, and an absence of a 
spin-density-wave gap[75]. The measured electronic structure is qualitatively similar to 
other iron-pnictides although the antiferromagnetic structure in FeTe is different and 45 
degrees rotated when compared with that in other iron-pnictide parent compounds. This is 
not consistent with the Fermi surface nesting picture for the formation of spin-density-wave 
(SDW) below the transition temperature. Further work studied the Fermi surface and band 
structure of FeTe both in the paramagnetic state and the SDW state[76]. As shown in Fig. 
5, above the magnetic transition temperature, the spectral weight mainly concentrates near 
F point and M point (Fig.5a) (as noted by [77], there may be a 45 degree rotation on the 
Brillouin zone dehnition in [76]). The F point is dominated by two hole-like bands while 
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there are two electron-like bands near the M point. Upon decreasing the temperature below 
Tms, the spectral weight distribution experiences an obvious change. The spectral weight 
around M and X point is suppressed that is interpreted as the spectral weight transfer from 
low binding energy to high binding energy[76]. Detailed temperature-dependent ARPES 
measurements on FeTe reveal coherence quasipartical peak near the Fermi level below the 
transition, accompanied with a hump structure located at higher binding energy and a dip in 
between these two features (Fig. 5h and i)[76, 77]. Such a “peak-dip-hump” structure bears 
a strong resemblance to that observed in manganites and the heavily underdoped cuprates 
that can be explained in terms of polaron formation [77]. The hump feature is interpreted 
as from incoherent excitation of electron strongly coupled to bosons while the qusipartical 
feature is related with coherent polaron motion. In this picture, the coherent polaron motion 
at low temperature may explain the metallic transport in the spin-density-wave state [77]. 

Extensive ARPES measurements have been carried out on Fe(Se,Te) system to inves¬ 
tigate its electronic structure and superconducting gap[28, 29, 78-83]. Typical results are 
summarized in Fig. 6 . There are three hole-like bands around the P point with two bands 
crossing the Fermi level (labeled as (5 and 7) and the third band (labeled as a) barely touch¬ 
ing the Fermi level, while there are two electron-like bands around M point in Fe(Se,Te) 
(Fig. 6c-e)[28]. The measured Fermi surface is sketched in Fig. 6 f. Taking advantages of the 
photoemission matrix element effect by performing ARPES measurements under different 
polarization geometry, the a band is assigned as from ^xzj^yz orbitals, the 13 band is mainly 
from dxzi dyz and some from d^y orbital, and the 7 band is assigned as from dj, 2 _j ^2 orbital[28]. 
Direct comparison between measurements and band structure calculations indicates a strong 
orbital-selective renormalization in the normal state [83]. Such strong renormalizaiton is con¬ 
sistent with the recent theoretical calculations to show that the 11 system exhibits a stronger 
correlation effect in the iron-based superconductors[84]. 

In the optimally-doped FeTeo. 55 Seo .45 superconductor, the measured superconducting gap 
is nearly isotropic both near the zone center and the zone corner (Fig. 6g)[78]. Further high- 
resolution measurements indicate that the superconducting gap around the Fermi surface 
near P is anisotropic which can be represented by cos( 499 ) modulation (Fig.6h)[79]. These 
ARPES results are consistent with the STM measurement on Fe(Te,Se) that points to an 
unconventional s-wave (S±-wave symmetry) superconducting gap[85]. In Fe(Se,Te) super¬ 
conductors, like in FeSe superconductor case[74], the Fermi energy is comparable to the 
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superconducting gap; this system thus provides an opportunity to explore the BCS-BEC 
crossover phenomenon in a superconducting material[29, 80]. 

2.2. Intercalated FeSe system 

The attempt to intercalate FeSe with potassium (K) resulted in a successful preparation 
of the Kj;Fe 2 -j;Se 2 superconductor with a Tc higher than 30 K[42]. Later on, it was found 
that FeSe can be intercalated with many other intercalates including Cs, Rb, Tl, Li, Na, 
Sr, Ca, Yb, Fu and even molecules[43, 45, 86-89]. This system is complicated with the 
coexistence of different phases. For reviews on this topic, one may refer to Refs.[17, 20]. 

For the completeness of the review, here we present the main ARPFS results on the 
Aj;Fe 2 -j;Se 2 (A=K, Cs, (T1,K), (Tl, Rb)) system[17, 46, 90-96]. Although the intercalates 
can vary, the electronic structure of the superconducting phase in the Aa,Fe 2 -j;Se 2 system 
turned out to be similar. As shown in Fig. 7, the measured Fermi surface consists of two 
electron-like Fermi surface sheets {a and (5 in Fig. 7g) around T and one electron pocket 
around M (7 in Fig. 7g) that includes two nearly degenerate Fermi surface sheets. The bands 
around T (Fig. 7a and 7b) is dominated by two electron bands a and (3\ the bottom of the a 
band just touches the Fermi level while the origin of the (5 band remains unclear [91]. Around 
the M point, a clear electron band is observed in the vicinity of Fermi level and a hole-like 
band with its top abont 100 meV below the Fermi level (Fig. 7c and 7d). More detailed 
measurements indicate that there are two electron bands with similar Fermi momenta but 
different band bottoms aronnd M (Fig. 7e and f)[17]. 

It was proposed that the interband scattering between the hole-like bands near T and 
electron-like bands near M gives rise to electron pairing and snperconductivity in the iron- 
based snperconductors[97-103]. The distinct Fermi surface topology in the Aa.Fe 2 -j;Se 2 
snperconductor presents a serious challenge to this pictnre since there is no hole-like Fermi 
snrface present near the T point. An alternative scattering mechanism between the electron 
pockets was proposed[97, 104-106]. In this case, the inter-electron pocket scattering tends 
to prodnce da, 2 _y 2 gap symmetry. Nearly isotropic snpercondncting gap is observed around 
the 7 electron pocket at the M point (Fig. 7h)[17, 46, 90-92]. In particular, the electron 
Fermi pockets aronnd the zone center provide a good opportnnity to distingnish among 
various gap symmetries. Nearly isotropic superconducting gap is observed on the small a 



electron pocket [95, 96] and nearly isotropic superconducting gap was also observed around 
the larger (3 electron-pocket around r[17]. These results are not consistent with the d-wave 
gap symmetry in the Aa;Fe 2 -j,Se 2 system with only electron Fermi surface. 

3. ELECTRONIC STRUCTURE AND SUPERCONDUCTIVITY OF FeSe FILMS 

3.1. Electronic structure and superconductivity of FeSe films grown on graphene 
substrate 

High-quality crystalline FeSe films can be grown on graphene substrate by a molecular 
beam epitaxy (MBE) method[107]. The graphene substrate used in this case is double¬ 
layer graphene formed on the SiC(OOOl) surface and the FeSe films grow as islands on the 
graphene layer. The grown FeSe films are along the (001) direction. One unit cell consists 
of one Fe layer and two Se layers (one above the Fe layer and the other below) (see Fig. 1) 
(loosely speaking, we will call this one unit cell of FeSe as single-layer in the following). The 
interaction between the FeSe film and the underlying graphene substrate is very weak so the 
lattice constant of the FeSe film is the same as the bulk FeSe (3.76 A). Also because of this 
weak interaction, the FeSe films form domains with different orientations within the (001) 
plane. In this case, several STM works have been done on the FeSe/graphene films[108-110], 
but no ARPES measurement can be done due to the multi-domain nature of the films. 

The superconductivity of the FeSe/graphene films behaves in a usual manner, i.e., 
its superconducting transition temperature decreases when the films get thinner (Fig. 
8)[107]. Fig. 8a shows a series of normalized tunneling conductance spectra on an 8-layer 
FeSe/graphene film. Clear coherence peak associated with superconductivity is observed and 
the gap size (A) can be obtained by measuring the distance between the two peaks (2A). It 
is 2.1 meV at 3 K for the 8-layer FeSe/grahene film with a corresponding superconducting 
temperature (Tc) at 8 K. In comparison, bilayer FeSe/graphene film shows a lower Tc that is 
only 3.7 K (Fig. 8b). The superconducting gap and T^ are determined for the FeSe/graphene 
films with different layers, as shown in Fig. 8c which plots the variation of T^ with the film 
thickness. T^ is found to be linearly proportional to the inverse of the film thickness 1/d. 
This is consistent with the usual expectation that Tc of the ultra-thin films decreases with 
the decrease of the film thickness: Tc(d)=Tco (1-d/dc) with Tco being the bulk transition 
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temperature and dc being the critical thickness where superconductivity emerges[lll]. Simi¬ 
lar behaviors are also observed in ultra-thin Pb[112] and ultra-thin YBa2Cu307_5[113] dims. 
Note that no superconductivity is observed in single-layer FeSe/graphene him above 2.2 K. 
The extrapolated Tco from the layer-dependence of Tc is ~9.3 K that is consistent with the 
Tc of the bulk FeSe superconductor[107]. 

In an atomically hat and defect-free (001) surface of the FeSe/graphene him (about 30 unit 
cell thick) with large terraces (Fig. 9a), the topmost layer is Se-terminated (Fig. 9b) [108]. 
The scanning tunneling spectroscopy (STS) probes the quasiparticle density of states and 
measures the superconducting gap at the Fermi energy (Ej?) (Fig. 9c). The maximum of 
the superconducting gap is measured as Aq = 2.2 meV. The most striking feature of the 
spectra at 0.4 K is the V-shaped dl/dV curve and the linear dependence of the quasiparticle 
density of states on energy near E^?. This feature is similar to that found in the d-wave 
cuprate superconductors with gap nodes[114] and in contrast to the U-shaped dl/dV curve 
observed in bulk Fe(Se,Te) superconductor[85]. This V-shaped feature in the FeSe/graphene 
him explicitly indicates the existence of line nodes in the superconducting gap function[108]. 
Further Fermi surface topology examination (Fig. 9d) suggests that the line nodes may be 
related to the component of the extended s±-wave form A 2 (coskx -|- cosky) that gives rise to 
nodes near M points. The reason why the Cooper pairing is nodal in FeSe/graphene hlms 
but nodeless in bulk Fe(Se,Te) remains a theoretical challenge although it is suggested that 
the pnictogen height may introduce a switch between the nodal and nodeless pairings[115]. 

In the FeSe/graphene hlms, the electron pairing with twofold symmetry, instead of four¬ 
fold symmetry, was demonstrated by direct imaging of quasiparticle excitations in the 
vicinity of magnetic vortex cores, Fe adatoms, and Se vacancies[108]. The twofold pair¬ 
ing symmetry was further supported by the observation of striped electronic nanostrnctnres 
in the slightly Se-doped samples. The anisotropy was explained in terms of the orbital- 
dependent reconstrnction of electronic structnre in FeSe. It was also discovered that, in the 
FeSe/graphene hlms, supercondnctivity near the twin bonndaries is snppressed, which also 
provides a measure of the superconducting coherence length on the order of 5.1 nm[109]. 
Such a superconductivity suppression is linked to the increased Se height in the vicinity of 
twin bonndaries[109]. STM/STS also revealed signatnres of a bosonic mode in the local 
quasiparticle density of states of the snperconducting FeSe/graphene hlms[110]. 
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3.2. Electronic structure and superconductivity of FeSe films grown on SrTiOs 
and related substrates 

The FeSe films grown on the SrTiOs substrate exhibit surprising and different behaviors 
from those grown on graphene substrate[116]. When a single-layer FeSe film was grown on 
SrTiOs (001) substrate by a MBE method (Fig. 10), four pronounced peaks were identified 
at ±20.1 mV and ±9 mV in the tunneling spectrum at 4.2 K that are symmetric with respect 
to the Fermi level (Fig. 10b)[7]. The gap at 20.1 meV, when taken as a superconducting gap, 
would correspond to a superconducting transition temperature near 80 K if one assumes the 
similar ratio between the superconducting gap and Tc as in the FeSe/graphene films[108]. 
The temperature dependence of the gap, the observation of magnetic field-induced vortex 
state, and the transport measurement all indicate that the single-layer FeSe/SrTiOs film is 
likely supercondcting[108]. This pioneering work has generated a great excitement in the 
community and many experimental and theoretical works follow. On the other hand, it 
was found that the two-layer FeSe/SrTiOa films, grown under the same condition, show a 
semiconducting behavior (Fig. 10d)[7]. 

The immediate ARPES measurements on a superconducting single-layer FeSe/SrTiOs 
film reveal a simple and distinct electronic structure [8]. The observed Eermi surface (Fig. 
11a) consists of only electron pocket near the zone corner M without any Fermi surface 
crossing near the zone center F. This Fermi surface topology is the simplest among all the 
observed Fermi surface in the iron-based superconductors (Fig. 11); it is also dramatically 
different from the calculated Fermi surface of the bulk FeSe (Fig. lid). Considering two 
electron-pockets around M point due to two-Fe-sites in a unit cell[117, 118], the carrier 
concentration of this particular sample can be estimated by the area of the electron-pocket; 
it corresponds to ~0.10 electrons per Fe. The band structure near the zone center (left panel 
of Fig. lie) is dominated by a hole-like band with its top about 80 meV below the Fermi 
level. The band structure across the zone corner (M point) consists of an electron-like band 
with its bottom about 60 meV below the Fermi level. An effective mass of ~3me can be 
estimated for this particular electron-like band[8]. 

ARPES also provides an alternative approach to examine whether the single-layer 
FeSe/SrTiOa is superconducting or not and its superconducting transition temperature 
by directly measuring the possible superconducting gap opening and its temperature 
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dependence [8]. The temperature-dependent photoemission spectra are shown in Fig. 12a; 
sharp peaks develop at low temperature and become gradually broadened with increasing 
temperature. The symmetrized photoemission spectra is shown in Fig. 12b in order to vi¬ 
sually inspect possible gap opening and remove the effect of Fermi distribution function 
near the Fermi level. There is a clear gap opening at low temperature. The gap size de¬ 
creases with increasing temperature and closes at 50~55 K. The variation of the gap size as 
a function of temperature (Fig.l2e) follows a standard BCS form. Momentum dependent 
measurements (Fig.12c and d) indicate that the gap is nearly isotropic without any sign of 
zero gap (node) around the Fermi surface. Since the single-layer FeSe film is highly two- 
dimensional, it avoids complications from three-dimensional Fermi surface. In this case, it 
is definitive to claim that the gap along the electron-like Fermi surface near M is s-wave like 
without nodes. The near-EiT’ band back-bending at low temperature (Fig. 12g, right panel), 
the sharp coherence peaks at low temperature (Fig. 12a), the BCS-form-like temperature 
dependence of the gap (Fig. 12e), and the momentum dependence of the gap (Fig. 12c) 
provide strong evidence to indicate that the gap observed here is a superconducting gap. 

In the electronic phase diagram of both the high temperature cuprate superconductors 
and the iron-based superconductors[119, 120], it is clear that the physical properties depend 
strongly on the carrier concentration, and superconductivity can be optimized at a particular 
carrier concentration. It is tempting to ask whether one can establish a similar phase 
diagram for the single-layer FeSe/SrTiOa system, and whether it is possible to optimize 
its superconductivity. Such an idea is motivated by the MBE growth process where the 
single-layer FeSe/SrTiOa film is first grown at a relatively low temperature which is non¬ 
superconducting; then it becomes superconducting only after the film is annealed in vacuum 
at a relatively high temperature[7, 121, 122]. To keep track on how the evolution from 
the as-grown non-superconducting single-layer FeSe/SrTiOs film to the vacuum-annealed 
superconducting film occurs, extensive ARPES measurements were carried out on the as- 
grown single-layer FeSe/SrTiOs film that was vacuum-annealed in situ by many sequences at 
different temperatures and different times[9]. The main results are summarized in Fig. 13. 
For the as-grown non-superconducting single-layer FeSe/SrTiOs film, its electronic structure 
(Fig. 13(e-h)) is distinct from that of the superconducting films (Fig. 13(a-d)). In this case, 
the underlying Fermi surface shows four strong spots around the M point (Fig. 13e). A hole¬ 
like band is present near the F point but its top is closer to the Fermi level compared to that in 
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the superconducting film. A pronounced hole-like band is observed along the F-M direction 
near the M point that is totally different from the electron-like band in the superconducting 
him. The distinct electronic structures between the as-grown non-supercoucting dims and 
the superconducting dims indicate there are two diderent phases present in the single-layer 
FeSe/SrTiOa dims (Fig. 13(a-h)), for convenience, the phase with the electronic structure 
similar to the as-grown dims is called “N”-phase while the one with the electronic structure 
similar to the superconducting FeSe dims is called “S”-phase[9]. It turned out that the 
evolution proceeds in three stages during the vacuum-annealing process. [9]. For the as- 
grown non-superconducting dim, after initial drst-stage mild annealing, it stays in the pure 
N-phase (left pink region in Fig. 13i). Further annealing leads to the emergence of the S 
phase; the S phase increases with the annealing process at the expense of the N phase. This 
gives rise to the second stage of the mixed phase region (middle light bine region in Fig. 
13i). After extensive annealing at sufdciently high temperatnre and long time, the dim can 
convert to pure S phase in the dnal third stage (right bright green region in Fig. 13i). 

The annealing process also made it possible to tnne the snperconductivity of the single¬ 
layer FeSe/SrTiOa dim by varying the carrier concentration[9]. The carrier concentration 
of the S phase during the annealing process can be obtained by calculating the area of the 
electron-like Fermi snrface near M. It has been shown that during the vacuum annealing 
process, the S phase gets more and more electron-doped, with the electron concentration 
increasing from 0.07 to 0.12 electrons per Fe[9]. The corresponding gap measurements 
indicate that the gap size and the gap closing temperature increase with the annealing 
process (Fig. 13i). A gap of ~19 meV and a gap closing temperatnre of ~ 65 K were 
achieved for the annealed single-layer FeSe/SrTiOs dim (Fig. 13i)[9]. This provides drst 
electronic evidence of snpercondnctivity at ~65 K in the single-layer FeSe/SrTiOa dims that 
was also condrmed by other groups[10, 118]. Such a gap increase with vacnum annealing 
was also observed in the STM/STS measurements[121]. 

Since the S phase appears in the early stage of vacnnm annealing of the single-layer 
FeSe/SrTiOa dims which coexists with the N phase[9], it is intrigning to ask whether the S 
phase becomes superconducting as long as it appears. To address this issue, the evolution of 
the electronic structure and the energy gap as a function of the carrier concentration is stud¬ 
ied for the S phase of the single-layer FeSe dlms[123]. It was fonnd that, at low temperature, 
there is a gap opening along the underlying electron-like Fermi surface near M at low carrier 
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concentration, as seen from the symmetried photoemission spectra around the Fermi surface 
(Fig. 14b). As the carrier concentration of the S phase increases, the gap size decreases 
and reaches zero at a critical carrier concentration around 0.089 electrons/Fe (Fig. 14a and 
14b). Further increase of the carrier concentration results in another gap opening at low 
temperature. From the appearance of the coherence peak and the gap closing with increasing 
temperature (Fig. 14d), this high carrier concentration gap is apparently the superconduct¬ 
ing gap we have discussed before. For the low carrier concentration gap, it shows quite 
different behaviors from the high carrier concentration superconducting gap. The broad 
photoemission peaks, weak temperature dependence of the gap (Fig. 14c) and its relatively 
large size compared to the superconducting gap are similar to those observed in the insu¬ 
lating heavily-underdoped cuprates [124]. We believe the low carrier concentration energy 
gap is consistent with an insulating gap. Therefore, there is an insulator-superconductor 
transition across the critical carrier concentration of 0.089 in the S phase of the single-layer 
FeSe/SrTiOa £lms[123]. It was noted that such a transition exhibits many similar behav¬ 
iors as that found in the heavily underdopd cuprates[124]. At present, the origin of this 
insulator-superconductor transition remained to be understood which may be associated 
with the two-dimensionality that enhances electron localization or correlation. In a multi¬ 
orbital system like the iron-based compounds, the carrier density-induced Mott transition 
may be realized in an orbital-selective fashion[125]. Such an orbital-selective Mott transition 
has been examined in Aa,Fe 2 -j;Se 2 superconductor[126]. In the S phase of the single-layer 
FeSe/SrTiOa films, it is possible that the same mechanism is at operation for the observed 
carrier concentration-induced insulator-superconductor transition[123]. 

The electronic structure and superconductivity of the FeSe/SrTiOs films show drastically 
different layer-dependence from that of the FeSe/graphene films (Fig. 8) [107], as well as 
FeSe films grown on the MgO substrate[127]. For the FeSe/SrTiOs films, while single¬ 
layer FeSe/SrTiOa him can become superconducting, STM/STS does not find signature of 
superconductivity in the second and multiple-layer FeSe/SrTiOs films regardless of how the 
samples are annealed[7, 122]. Such a dramatic difference between the single-layer, double¬ 
layer and multiple-layer FeSe/SrTiOa films is surprising if one considers the usual layer- 
dependence found in the FeSe/graphene £lms[107]. To address this issue, a comparative 
investigation between the single-layer and double-layer FeSe/SrTiOs films is carried out by 
performing a systematic angle-resolved photoemission study on the samples annealed in 
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vacuum[128]. The as-prepared double-layer FeSe/SrTiOs film exhibits electronic structure 
that is similar to the N phase of the single-layer FeSe/SrTiOa him (Fig. 15). The double¬ 
layer FeSe/SrTiOs him shows a quite diherent doping behavior from the single-layer him. 
It is hard to get doped and remains in the semiconducting/insulating state even under 
an extensive annealing condition. However, after sufficient vacuum annealing, the double¬ 
layer FeSe/SrTiOa him may follow similar doping trend as in the single-layer him although 
superconductivity has not been realized. Such a behaviour is understood as originating from 
the much reduced doping efficiency in the bottom FeSe layer of the double-layer FeSe/SrTiOs 
him from the FeSe-SrTiOs interface when the dominant doping process comes from the 
electron transfer from the SrTiOs surface [128]. 

Detailed ARPES study on the layer-dependence of the electronic strnctnre for the 
FeSe/SrTiOa hlms have been reported in [10, 118] and typical resnlts are shown in Fig. 
16[10]. It is fonnd that the electronic strnctnre of the FeSe/SrTiOs hlms becomes similar 
when the nnmber of layers is above two. In this case, the Fermi snrface is qnite diherent 
from the S phase of the snpercondncting single-layer FeSe/SrTiOa him in that: the Fermi 
snrface of the mnlti-layer FeSe/SrTiOs hlms consists of fonr strong spots near the M point, 
and there are bands crossing the Fermi level aronnd the F point (Fig. 16a). It was also fonnd 
that the mnlti-layer FeSe/SrTiOs hlms experience a transition at a high temperatnre where 
the electronic strnctnre exhibits a change above and below the transition temperatnre [10]. 
The transition temperatnre increases as the nnmber of FeSe layers decreases (Fig. 16b). 
Snch a transition is attribnted to the spin-density-wave formation and the layer-dependent 
transition temperatnre is associated with the strain diherence in samples with diherent 
layers [10]. 

We note that the N phase of the single-layer FeSe/SrTiOs him is not observed in [10, 118]. 
Also there are discrepancies on the electronic strnctnre of the donble-layer FeSe/SrTiOs 
hlms between diherent gronps[10, 118, 128]. The diherence can be attribnted to the dif¬ 
ferent preparation conditions used and possible mixing of the single-layer and donble-layer 
FeSe/SrTiOa hlms. In onr case, we have clearly observed pnre N phase in both the single¬ 
layer and donble-layer FeSe/SrTiOs hlms[9, 128]. In fact, the electronic strnctnre of the N 
phase in the single-layer and donble-layer FeSe/SrTiOa hlms is rather similar to that fonnd in 
mnlti-layer hlms[10, 118] except for some qnalitative band position diherence. The electronic 
strnctnre of the N phase in the single-layer and donble-layer FeSe/SrTiOa hlms also experi- 
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ence a transition at high temperature (Fig. 17), the transition temperature in single-layer 
FeSe/SrTiOa is the highest among all the FeSe/SrTiOs films and basically follows the trend 
found for multi-layer FeSe/SrTiOa films[10]. Such a transition is reminiscent of the electronic 
structure change in the parent compound BaFe 2 As 2 across the structural/magnetic transi¬ 
tion temperature ( 140 K for BaFe 2 As 2 )(Fig. 17e and 17f)[33]. In bulk FeSe, there is a 
structural transition near 90 K[48]. Recently, an electronic structure change is also reported 
in the ARPES stiudy of the bulk FeSe crystals across this structural transtion[70, 71]. Since 
there is no static magnetic transition found in bulk FeSe, whether the electronic structure 
transition in the FeSe/SrTiOa films is caused by spin-density-wave formation needs further 
investigations and direct magnetic measurements. 

The dramatic difference of superconductivity between the FeSe/SrTiOs films and the 
FeSe/graphene films points to the key role played by the growth substrate. Furthermore, 
as the superconductivity of the FeSe superconductor is found to be sensitive to pressure 
in the bulk form[38] or strain in the thin film form[129, 130], it is natural to ask whether 
the strain may play the key role in enhancing superconductivity in the FeSe/SrTiOs films. 
As the bulk FeSe has a lattice constant of 3.76 A and SrTiOs has a lattice constant of 
3.90 A, when FeSe films are epitaxially grown on the SrTiOs substrate, the FeSe films will 
experience a tensile stress from the underlying SrTiOs substarte[7]. To check on the effect of 
strain on the superconductivity of the FeSe films, different substrates with disparate lattice 
constants have been used to grow FeSe films[117, 131]. With the substrate varying from 
SrTiOs to SrTiOs/KTaOs (SrTiOs buffer-layers grown on KTaOs substrate as the substrate 
for FeSe films), to BaTiOs/KTaOs (BaTiOs buffer layers grown on KTaOs substrate as the 
substrate for FeSe films), there are changes on the corresponding electronic structures of the 
FeSe films (Fig. 18a and 18b), but the gap closing temperature shows little change within 
the range of (70±5) K[117, 131]. This seems to indicate that the tensile stress on the FeSe 
films exerted from the underlying substrate does not affect superconductivity of the FeSe 
films significantly. 

The latest episode sees the observation of replica band in the band structure of the 
superconducting single-layer FeSe/SrTiOs films (Fig. 19) [118]. As shown in Fig. 19, the 
main hole-like band near F point (band d in Fig. 19b), the electron-like band (band a 
in Fig. 19c) and hole-like band (band b in Fig. 19c) all produce weak “replica” bands 
that are ~100 meV below the original bands. Such replica bands persist above the gap 
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opening superconducting temperature (Fig. 19d-g). The replica bands appear weak in other 
measurements[8-10] possibly because of the photoemission matrix element effect causes by 
different measurement conditions. These replica bands have been understood as due to 
the presence of bosonic modes, most probably optical phonons in SrTiOs, that couple to 
the FeSe electrons with only a small momentum transfer[118]. It was also suggested that 
such interfacial coupling could assist superconductivity in most channels and this coupling 
is responsible for the T^ enhancement in the single-layer FeSe/SrTiOs £lms[118]. 

3.3. Transport and magnetic measurements of FeSe/SrTiOa films 

Although ARPES and STM/STS have observed gap opening and the behaviors of the 
gap are consistent with the superconducting gap such as the sharp coherence peak, the BCS 
form of the gap size as a function of temperature, and the particle-hole symmetry around 
the Fermi surface [7~10], direct evidence from the transport and magnetic measurements 
is necessary to establish whether the FeSe/SrTiOs films are truly superconducting or not. 
Such measurements on ultra-thin films are challenging because of the complication of the 
sample deterioration to the air, SrTiOs substrate conductance and very weak magnetic 
signal. Initial transport measurement on a five-layer FeSe/SrTiOs film covered by 20-nm- 
thick amorphous silicon protection layer saw a transition with an onset temperature of 
~53 K (Fig. 20a) [7]. Later on, the single-layer FeSe/SrTiOs film was better protected by 
covering a 10-layer FeTe film followed by a 30-nm-thick amorphous silicon layer so that the 
sample can be stable at ambient condition for a relatively long time. The resistance as a 
function of temperature clearly reveals the appearance of superconductivity: the resistance 
begins to drop at 54.5 K and reaches zero at 23.5 K with an onset T^ of 40.2K (Fig. 
20b) [132]. Magnetic measurement on the same sample reveals a diamagnetic response with 
an abrupt change of both in-phase and out-of-phase signal at 21 K (Fig. 20d) that is 
consistent with the zero resistance critical temperature from the transport measurement (Fig. 
20b). This has unambiguously demonstrated that the single-layer FeSe/SrTiOs film under 
measurement is superconducting although the measured T^ is not as high as that expected 
from the STM/ARPES measurements. This is understandable because it is known that the 
superconducting transition temperature of the FeSe/SrTiOs films is sensitive to the carrier 
concentration[9]. Also the protection layer may affect the superconductivity of the single- 
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layer FeSe/SrTiOs film, in particular, FeTe is known to be magnetic at low temperature that 
may suppress the superconductivity of the adjacent FeSe him. Superconductivity is also 
reported in double-layer FeSe/SrTiOs dims from the transport measurements[133]. Hints of 
higher transition temperatures are spotted in some FeSe/SrTiOs films[134] that need further 
investigations. 

It is ideal to carry out in situ transport and magnetic measurements on the FeSe/SrTiOs 
dims in order to remove the edect of sample damage and protection layers. The in situ trans¬ 
port measurements have been performed lately on the single-layer FeSe/SrTiOa dlm[135]. 
Surprisingly, the measured zero resistance temperature reaches as high as 109 K (Fig. 20c) 
that is well above the Tc~80 K expected from the 20.1 meV gap from the STM/STS 
measurements[7] and the Tc~65 K from ARPES measurements[9, 10]. Further measure¬ 
ments are needed to reproduce and confirm this exciting result. 


4. IMPLICATIONS AND THEORETICAL UNDERSTANDING 

4.1. Implications 

The discovery of high temperature superconductivity in the single-layer FeSe/SrTiOs 
dims has important implications in understanding the superconductivity mechanism and 
the pairing symmetry in the iron-based superconductors. In most of the iron-based super¬ 
conductors, the Fermi surface consists of hole-like Fermi surface sheets near the Brillouin 
zone center (F point) and electron-like Fermi surface sheets near the zone corner M(7r,7r) 
point (Fig. 2) [136]. It has been proposed that the electron scattering between the hole-like 
bands around F and electron-like bands near M is responsible for electron pairing and super¬ 
conductivity of the iron-based superconductors has a dominant s± superconducting order 
parameter[97-103]. The absence of Fermi surface near F in the superconducting single-layer 
FeSe/SrTiOa dlm[8], together with that only electron-like Fermi surface sheets are observed 
in the intercalated Aa;Fe 2 -j,Se 2 superconductors[46, 90, 91], rules out the necessity of the 
electron scattering between the hole-like bands near F and electron-like bands near M in 
this “Fermi nesting” picture. 

The observation of the nearly isotropic superconducting gap around the electron-like 
Fermi surface near M point (Fig. 12c) [8] also provides crucial information in understanding 
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the pairing symmetry of the iron-based superconductors. With the absence of hole-like Fermi 
surface near F, electrons can only scatter across the Fermi surface sheets between M points 
which is predicted to result in a d-wave superconducting gap [97, 104-106]. The d^jj^-like 
superconducting order parameter is obviously ruled out because it will produce zero gap on 
the electron-like Fermi surface near M. With an alternative da; 2 _y 2 -like superconducting order 
parameter that can avoid the direct gap nodes, it is argued that two Fermi surface sheets 
around a given M point with opposite phases can also give rise to gap nodes around the 
Fermi surface[137]. In this case, it remains not consistent with the observation of nodeless 
gap on the electron-like Fermi surface near M point. The superconducting pairing symmetry 
in the single-layer FeSe/SrTiOs dims and the Aa;Fe 2 - 3 /Se 2 system remains puzzling that asks 
for further experimental and theoretical efforts. 

The different behaviors between the FeSe/graphene and FeSe/SrTiOa films clearly in¬ 
dicate the critical role played by the interface in giving rise to the high temperature su¬ 
perconductivity. The discovery of high temperature superconductivity in the single-layer 
FeSe/SrTiOa films represents the first clear case of interface-enhanced superconductivity. 
Interface (and surface) superconductivity has a long history which is expected to increase 
superconducting temperature [138]. Superconductivity has been reported in various inter¬ 
face systems, including those between two insulators[139], between one insulator and one 
metal[140], and between one metal and one semiconductor[141]. However, in all these cases, 
the observed T^ in the interface is not obviously higher than the maximum Tc of its indi¬ 
vidual constituents. In the single-layer FeSe/SrTiOs films, its superconducting transition 
temperature is much higher than the maximum Tc of either FeSe system or SrTiOs system, 
thus establishing a convincing case of interface superconductivity. This discovery proves the 
concept of interface-enhancement of superconductivity and opens a door to further explore 
for new superconductors with higher Tc. 

4.2. Theoretical understanding 

The FeSe/SrTiOa dims have attracted much theoretical attention, in regard to under¬ 
standing its unique electronic structure, carrier doping mechanism and the possible origin 
of high temperature superconductivity[142-150]. By using first-principles calculations, the 
atomic and electronic structures of the single-layer and double-layer FeSe/SrTiOs films were 
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studied[142], The band structure of free single-layer FeSe film shown (Fig. 21a) is similar to 
that of the bulk FeSe (Fig. 4) [65]. It is found that both single-layer and double-layer FeSe 
hlms on the SrTiOs substrate behave like a slightly doped semiconductor with a collinear 
antiferromagnetic order on the Fe ions and a Dirac cone-like band around the F point 
(Fig. 21b) [142]. These results show difference from the measured results, for both the N 
phase and S phase of the single-layer and double-layer FeSe/SrTiOs £lms[8-10, 128]. It 
was further shown that the SrTiOs substrate-induced tensile strain tends to stabilize the 
collinear antiferromagnetic state in FeSe thin film by enhancing of the next-nearest-neighbor 
snper-exchange antiferromagnetic interaction bridged throngh the Se atoms[146]. The cal¬ 
culated Fermi surface considering the collinear antiferromagnetic order and electron-doping 
can be consistent with experimental observations that the hole-like Fermi snrface sheets 
near F disappear[146]. In the presence of constrained magnetization, it was also shown 
that the observed Fermi snrface can be described by the checker-board antiferromagnetic 
spin pattern[144, 145]. In this case, it was fonnd that the system has a considerable charge 
transfer from SrTiOs snbstrate to the FeSe layer, and so has a self-constructed electric field. 
The disappearance of the Fermi snrface aronnd the F point can also be explained by the an¬ 
tiferromagnetic checkerboard phase with charge doping and electric held effects[145]. These 
results show considerable consistency with the behavior of the N phase of the FeSe/SrTiOs 
hlm[9, 128]. So far, most theoretical calculations involve antiferromagnetic order, and over¬ 
all show some qnalitative agreement with the experimental observations. However, we note 
that, the ARPES results are only snggestive that the N phase of the FeSe/SrTiOs films may 
be magnetic[9] or the low temperatnre form of the multi-layer FeSe/SrTiOs films may be 
in the spin-density-wave state [10], farther direct evidence is needed to pin down on their 
magnetic natnre. 

It is clear from ARPES measurements that the supercondncting S phase of the single-layer 
EeSe/SrTiOa films is electron-doped [8-10, 118]. The origin of the electron-doping may have 
two possibilities: oxygen vacancy formation on the SrTiOa snrface that gives rise to electron 
doping, and the formation of Se vacancies in the FeSe film[8]. Further ARPES results 
substantiate the picture of the oxygen vacancy formation on the SrTiOs snrface[10, 128]. 
The role of the oxygen vacancy on the top layer of the SrTiOs snbstrate was also investigated 
by first principles calculations[149]. It shows that the oxygen vacancies strongly bind the 
FeSe layer to the snbstrate giving rise to a (2x1) reconstruction, and also serve as the 
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source of electron doping. Theoretical investigation on the doping effect of Se vacancies 
in the FeSe/SrTiOs dims leads to a somehow counter-intuitive result that, in terms of the 
Fe-3d bands, Se vacancies behave like hole dopants rather than electron dopants as usually 
expected[148]. Such results are considered to exclude Se vacancies as the origin of the large 
electron pockets measured by ARPES[148]. 

The most prominent issue concerning the superconductivity of the single-layer 
FeSe/SrTiOa films is on the origin of its dramatic Tc enhancement. The discovery of high 
temperature superconductivity in the single-layer FeSe/SrTiOs films was motivated by the 
idea that strong electron-phonon coupling can enhance superconductivity[7]. Subsequent 
study on the effects of screening due to the SrTiOs ferroelectric phonons on the Cooper pair¬ 
ing in FeSe shows that it can significantly enhance the energy scale of Cooper pairing and 
even change the pairing symmetry[143]. It was shown that the role of the SrTiOs substrate 
in increasing the electron-phonon coupling and the resulting higher Tc is two-fold. First, the 
interaction of the FeSe and Ti02 terminated face of SrTiOs prevents the single-layer FeSe 
from undergoing a shearing-type (orthorhombic) structural phase transition. Second, the 
substrate allows an antiferromagnetic ground state of FeSe which opens certain electron- 
phonon coupling channels within the single-layer that are prevented by symmetry in the 
non-magnetic phase[147]. The replica bands observed in the superconducting single-layer 
FeSe/SrTiOs Elms provide experimental evidence on the coupling of electrons in FeSe layer 
with the SrTiOs phonons[118]. Further theoretical analysis suggests that such interfacial 
electron-phonon coupling assists superconductivity in most channels, and is responsible for 
raising the superconducting temperature in single-layer FeSe/SrTiOs films[118]. 

5. SUMMARY AND PERSPECTIVE 

In this brief review, we have shown that the FeSe superconductor and related systems 
have exhibited rich and fascinating phenomena and physical properties. Since the report 
of possible high temperature superconductivity in the single-layer FeSe/SrTiOa films[7], 
great progress has been made in understanding related issues both experimentally and 
theoretically. Some questions are answered, and more questions are asked. Since this is a 
burgeoning and fast-evolving held, it is natural that many issues remain to be addressed. 
Here we briefly list some further issues that are either particular to the FeSe/SrTiOs 
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systems or more general to the iron-based superconductors. 


(1) . Interface superconductivity? So far many experiments point to the interface 
superconductivity in the single-layer FeSe/SrTiOs dims. More decisive evidence is needed 
to pin down on the nature of the interface superconductivity. What new effects can be 
expected from an interface superconductivity system? 

(2) . Doping mechanism? It has been shown that during the vacuum annealing process, 
the single-layer FeSe/SrTiOs films can be electron-doped. It has also been proposed that 
oxygen vacancies on the SrTiOs surface may play the role of electron-doping[8-10]. How to 
directly prove the role of oxygen vacancies in electron-doping? Recent STM measurements 
on the vacuum annealed single-layer FeSe/SrTiOs him found that[121], there are some 
extra Se adatoms on the surface of the as-prepared FeSe him and the sample is insulating. 
In the initial stage of the annealing process, these extra Se adatoms are gradually removed. 
Further annealing leads to the formation of Se vacancies. What are the role of these Se 
adtoms and Se vacancies on the doping of FeSe hlms? 

(3) . Role of electron-phonon coupling? There is experimental evidence to show the exis¬ 
tence of electron-phonon coupling in the FeSe/SrTiOs hlms[118]. There are theoretical argu¬ 
ments that such electron-phonon coupling can enhance superconductivity[7, 118, 143, 147]. 
However, more experimental evidence is needed to prove that such an electron-phonon 
coupling is the cause of the Tc enhancement in the single-layer FeSe/SrTiOs hlms. 

(4) . Pairing mechanism? The observation of the distinct Fermi surface topology in 
the superconducting FeSe/SrTiOa £lms[8] has ruled out the possibility of Fermi sur¬ 
face nesting picture in giving rise to superconductivity in the single-layer FeSe/SrTiOs 
hlms. With only electron-pockets present near M point, what is the pairing mechanism then? 

(5) . Pairing order parameter? With only electron pockets present near M points in 
the single-layer FeSe/SrTiOs hlms[8-10, 118], it is predicted that d-wave pairing may 
dominate[97, 104-106] which is not consistent with the experimental results of nearly 
isotropic nodeless superconducting gap [8]. What can be the superconducting order 
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parameter for the superconducting single-layer FeSe/SrTiOa films? 


(6) . Theoretical understanding of electron structure. The unique electronic structure 
of the N phase and S phase of the single-layer FeSe/SrTiOa film and the multi-layer 
FeSe/SrTiOa dims poses a challenge to band structure calculations and theoretical under¬ 
standings. More efforts are needed to understand the electronic structure by including the 
effect of the substrate, vacancy and disorder, electron correlation, the spin-orbit coupling 
and so on. 

(7) . Inconsistency of superconductivity measurements. There are inconsistencies among 
different measurements on the superconducting properties of the FeSe/SrTiOs films. First, 
transport measurements on the single-layer FeSe/SrTiOa films give different Tc, varying 
from 23.5 K (zero resistance[132]) to 109 K[135]. Second, there is an obvious difference of 
Tc on single-layer FeSe/SrTiOs films between transport measurements[7, 132, 133, 135] and 
STM/ARPES measnrements[7-10]. Third, for multi-layer FeSe/SrTiOs Elms, STM/STS 
and ARPES indicate they are not snperconducting[7, 128]. However, transport mea- 
snrements show sign of snperconductivity in double-layer FeSe/SrTiOs film[133],five-layer 
FeSe/SrTiOa film[7]. How to reconcile these differences? 

(8) . Nature of the N phase and S phase in the single-layer FeSe/SrTiO^, films. With 
vacnnm annealing, two different phases (N phase and S phase) with distinct electronic 
strnctnres are clearly observed [9]. It remains unclear abont the real difference between 
the N phase and S phase, i.e., whether the electronic structure difference is caused by the 
difference in crystal structnre, composition or the carrier concentration. It is also not clear 
how the N phase and S phase distribute in a real space. 

(9) . Magnetic state? ARPES has provided snggestions that the N phase of the 
single-layer FeSe/SrTiOa him may be magnetic[9], and the low-temperatnre form of the 
mnlti-layer FeSe/SrTiOs films may be in the spin-density-wave state[10]. Direct evidence is 
needed to pin down on their magnetic nature. 

(10) . Further enhancement of Tc? The superconducting transition temperature of 
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the FeSe/SrTiOs film is sensitive to carrier concentration[9]. Tc has not reached the 
maximum in the doping range studied; more electron doping may result in even higher 
Tc[9]. For double-layer or multi-layer FeSe/SrTiOa dims, it has been found that the 
absence of superconductivity is related to the insufficient electron doping[128]. It is 
interesting to explore, if sufficient electron doping is provided, whether double-layer or 
multi-layer FeSe/SrTiOs films can become superconducting or exhibit even higher Tc 
than the single-layer case. So far, SrTiOs and related BaTiOa substrate are proven 
to be magic in producing high temperature superconductivity in the single-layer FeSe 
dims. Are there other substrates present that can produce similar edect and even higher Tc? 

The surprising discovery of high temperature superconductivity in the FeSe/SrTiOs dims 
has provided a new platform for investigating interface superconductivity, superconductiv¬ 
ity mechanism of the iron-based superconductors, and opened a new path in exploring for 
new high temperature superconductors. Theoretical calculations suggest robust topologi¬ 
cal phases may be realized in the single-layer FeSe/SrTiOa dims which is intertwined with 
superconductivity[150]. The ultra-thin nature of the FeSe/SrTiOs dims is also ideal for 
making heterostructures [151]; the topological insulator/superconductor heterostructure has 
been proposed as a prototype to detect Majorana fermions[152]. The ideal two-dimensional 
character, dichotomy between single-layer and double-layer dims, and high Tc supercon¬ 
ductivity open a door for potential device fabrication and applications. We have already 
witnessed surprises brought up by the single-layer FeSe dims, we can expect more surprises 
to come in the near future. 
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FIG. 1: Several major classes of the iron-based superconductors. All of these iron-based 
superconductors contain FeSe or FeAs building blocks (the iron ions are shown in red and the 
pnictogen/chalcogen anions are shown in gold) that are essential for the occurrence of supercon¬ 
ductivity. Reprinted from [120]. 
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FIG. 2: Brillouin zones of the iron-based superconductors containing one iron and two 
irons in a unit cell and the orbital-related electronic structure, (a) FeAs lattice indicating 
As above and below the Fe plane. Dashed green and solid blue squares represent 1- and 2-Fe unit 
cells, respectively, (b) Schematic two-dimensional Fermi surface in the 1-Fe Brillouin zone whose 
boundaries are indicated by a green dashed square. The arrow indicates folding wave vector to 
convert from 1-Fe zone to the 2-Fe zone, (c) Fermi sheets in the folded Brillouin Zone whose 
boundaries are now shown by a solid blue square. In this case, the size of the first Brillouin zone 
is half of that of the 1-Fe case (dashed green squeare). Reprinted from [16]. (d) A typical orbital 
characters of the bands in the iron pnictides as shown in Ref. [36, 37]. (e) The corresponding Fermi 
surface sheets of the five-band model for the undoped compound in Ref. [36]. 
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FIG. 3: Crystal structure, magnetic structure and phase diagram of bulk Fei oiSe and 
the phase diagram of the Fei_|_ySea;Tei_ 3 ; system, (a) Schematic crystal structure of /3-FeSe. 
Four unit cells are shown to reveal the layered structure. Reprinted from [21]. (b) Magnetic 

structures of o-FeTe (upper panel) and BaFe 2 As 2 (lower panel), which are shown in the primitive 
Fe square lattice. Reprinted from [39]. (c) Phase diagram of Fei.oiSe as a function of pressure. 
Reprinted from[38]. (d) Phase diagram of Fei+ySe^^Tei-a; with y ~0 as a function of x and T. 
Reprinted from [41]. 
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FIG. 4: Fermi surface and band structnre of the bulk FeSe from band strncture cal¬ 
culations and angle-resolved photoemission measnrements. (a) (b) LDA calculated Fermi 
surface and band structure of bulk FeSe from [65]. (c) (d) ARPES intensity and corresponding 
EDCs, respectively, along the F-M cut at T = 30 K. (e) Schematic band diagram around the M 
point below/above the structural transition temperature T^. Red and blue curves indicate the dyz 
and dzx orbitals, respectively. Solid and dashed curves represent the band dispersion along the (0, 
0)-(7r, 0) and (0, 0)-(0,7r) directions (longer Fe-Fe and shorter Fe-Fe directions) of the untwined 
crystal, respectively, (f) (g) Comparison of the second-derivative plot of the near-E^? ARPES in¬ 
tensity around the P point between T = 30 and 120 K. (h) Experimental band dispersion around 
the F point at T = 30 K (blue circles) and 120 K (red circles), extracted by tracing the peak 
maxima of the EDCs divided by the Fermi-Dirac function. Reprinted from [70]. 
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FIG. 5: Fermi surface and band structure of FeTe. (a)-(f) Electron structure of Fei.oeTe 
in paramagnetic state above the magnetic transition, (a) Fermi surface of Fei.oeTe measured at 
135 K. (b) The spectral weight distribution around Ei;’. (c) and (d) The EDCs along cut 1 and 2 
labelled in (a), respectively, (e) The temperature dependence of the resistivity for Eei.oeTe. (f) The 
photoemission intensities along the M-F-X high-symmetry line in the paramagnetic state, (g)-(j) 
Electron structure of Fei.oeTe in the magnetic state, (g) Fermi surface of Fei.oeTe measured at 15 
K. (h) and (i) The EDCs along cut 1 and cut 2 labelled in (g), respectively, (j) The photoemission 
intensities along the M-F-X high-symmetry lines in the magnetic state. Reprinted from [76]. (k) 
Plot of the EDCs at the M point at various temperatures. (1) Plot of the M band binding energy 
and linewidth at the M point together with the (0.5, 0, 0.5) antiferromagnetic Bragg peak intensity 
versus temperature. Reprinted from [77]. 
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FIG. 6: Fermi surface, band structure and superconducting gap of Fe(Te,Se). (a) Fermi 
surface of Fei,o 4 Teo, 66 Seo. 34 . (b) The Fermi surfaces are constructed based on the measured Fermi 
crossings, (c) The photoemission intensity along the cut 1 in the F-M direction and (d) its sec¬ 
ond derivative with respect to energy, (e) The data in panel c is re-plotted after dividing the 
angle integrated energy distribution curve, (f) The calculated Fermi surface of Fei. 04 Teo, 66800 . 34 . 
Reprinted from [28]. (g) Three-dimensional representation of the superconducting gap with the 
Fermi surface topology of FeTeo. 55 Seo. 45 . Reprinted from [78]. (h) Fermi surface-angle dependence 
of superconducting gap size of FeTeo. 6 Seo. 4 . Reprinted from [79] 
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FIG. 7: Band structure, Fermi surface and superconducting gap of A 3 ;Fe 2 _ySe 2 . Band 
structure and photoemission spectra of Aa;Fe 2 -ySe 2 superconductors measured along two high sym¬ 
metry cuts. Cut locations are illustrated in the top-left and top-right inserts. (a)(c) Measured band 
structure of (Tlo, 58 Rbo. 42 )Fei ,72802 along cutl and cut2, respectively. (b)(d) Their corresponding 
EDO second derivative images. (e)(f) Fine measurement of the band structure in red square of (c) 
and its corresponding EDC second derivative images, (g) Fermi Surface of (Tlo, 58 Rbo. 42 )Fei. 72802 . 
(h) Momentum dependent superconducting gap size for the /3 Fermi surface sheet around F and 7 
Fermi surface sheet around M, respectively. Reprinted from [17, 91]. 
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FIG. 8: Normalized tunneling conductance spectra and Tc as a function of the film 
thickness in the FeSe/graphene films. Normalized tunneling conductance spectra on (a) 8- 
layer and (b) 2-layer FeSe/graphene films measured at different temperatures, (c) Superconducting 
transition temperature Tc vs the inverse of the film thickness d. Reprinted from [107]. 
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FIG. 9: STM/STS measurements on an as-grown FeSe/graphene films about 30-layer 

thick, (a) Topographic image of the FeSe/graphene film. The step height is 5.5 A. (b) Atomic- 
resolution STM topography of the FeSe/graphene film. The bright spots correspond to the Se 
atoms in the top layer, a and b correspond to either of the Fe-Fe bond directions, (c) Temperature 
dependence of differential conductance spectra at different temperatures, (d) Schematic of the 
unfolded Brillouin zone and the Fermi surface (green ellipses). The nodal lines for coskajcoskj^ and 
(coskj;+cosky ) gap functions are indicated by black and red dashed lines, respectively. Reprinted 
from [108]. 
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FIG. 10: Discovery of possible high temperature superconductivity in single-layer 
FeSe/SrTiOa film. (a) Schematic structure (side-view) of the FeSe films on the SrTiOa sub¬ 
strate along the c-axis. (b) Tunneling spectrum taken on the single-layer FeSe/SrTiOs film at 4.2 
K revealing the appearance of superconducting gap. Four pronounced coherence peaks appear at 
±20.1mV and ±9mV, respectively, (c) The STM image of the FeSe film with both single-layer 
(lUC) and double-layer (2UC) FeSe/SrTiOs films, (d) Tunneling spectrum taken on the double¬ 
layer FeSe/SrTiOa films. Reprinted from [7]. 
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FIG. 11: Distinct Fermi surface and band structures of the superconducting single-layer 
FeSe/SrTiOa Film. (a) Fermi surface mapping of the single-layer FeSe/SrTiOs film measured 
at 20 K. (b) Fermi-surface mapping of (Tl,Rb)j:Fe 2 -j;Se 2 superconductor (Tc = 32 K)[91]. (c) 
Fermi-surface mapping of Bao. 6 Ko. 4 Fe 2 As 2 superconductor (Tc = 35 K)[33]. (d) Fermi surface of 
/3-FeSe by band-structure calculations for = 0 (blue thick lines) [83]. For convenience, the four 
equivalent M points are labelled as Ml(7r, tt), M2(-7r, vr), M3(-7r, -vr) and M4(7r, -vr). (e) Band 
structure along the cut crossing the F point (left panel) and along the cut crossing the M3 point 
(right panel). The pink dashed line in the left panel shows schematically a hole-like band near 
the F point with its top at 80 meV below the Fermi level. The purple dashed line in the right 
panel shows schematically an electron-like band with its bottom at 60 meV below the Fermi level. 
Reprinted from [8]. 
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FIG. 12: Temperature and momentum dependence of the superconducting gap in the 
superconducting single-layer FeSe/SrTiOs film, (a) Photoemission spectra (EDCs) at the 
Fermi crossings of the electron-like 7 Fermi surface near M and their corresponding symmetrized 
spectra (b) measured at different temperatures, (c) Momentum dependence of the superconducting 
gap along the 7 Fermi surface, (d) The Fermi surface mapping near M3 and the corresponding 
Fermi crossings. The violet circle represents the Fermi surface. The red solid circles represent 
measured Fermi momenta that are labeled as PI to P15. (e) Temperature dependence of the 
superconducting gap. Reprinted from [ 8 ]. (f) (g) Band structure along F-M cut measured at 70 
and 23 K, respectively. The corresponding MDGs (momentum distribution curves) at the Fermi 
level for the two measurements are shown in (h). The two MDC peaks show little change in their 
positions above and below the gap opening temperature. Reprinted from [9]. 
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FIG. 13: Electronic structure of the S phase and the N phase and phase diagram of the 
single-layer FeSe/SrTiOa film with vacuum annealing, (a) Fermi surface of the S phase of 
the single-layer FeSe/SrTiOs film, (b-d) Corresponding band structure of the S phase along the 
F, M2 and M3 cuts, respectively, (e) Fermi surface of the N phase of the single-layer FeSe/SrTiOs 
film, (f-h), Corresponding band structure of the annealed single-layer FeSe/SrTiOs film along the 
F, M2 and M3 cuts, respectively. The band structures shown in (b,c,d) and (f,g,h) are second 
derivative of the original band with respect to energy, (i) Schematic phase diagram of the single¬ 
layer FeSe film during the annealing process. The inset shows the Fermi surface corresponding to 
each stage. Reprinted from [9]. 
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FIG. 14: Evidence of an insulator-supercondnctor transition in the single-layer 
FeSe/SrTiOa film. (a) Phase diagram of the S phase in the single-layer FeSe/SrTiOa film that 
shows the decrease of the insulating energy gap (black solid diamond) with increasing doping at 
low doping side and the increase of the superconducting gap (red solid triangle) and the corre¬ 
sponding superconducting transtion temperature Tc (blue empty square) with increasing doping 
at high doping side. There is an insulator-superconductor transition near ~0.09 doping level, (b) 
Doping-evolution of the symmetrized EDCs at a Fermi momentum kp along the cut crossing M2 
point, (c) (d) The variation of the energy gap at different temperatures at low doping level and 
high doping level, respectively. Reprinted from [123]. 
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FIG. 15: Fermi surface and band structure evolution of the double-layer FeSe/SrTiOs 
film annealed at a constant annealing temperature of 350°C in vacuum for different 
times, (a) Fermi surface and band structure evolution of the double-layer FeSe/SrTiOs film an¬ 
nealed at a constant annealing temperature of 350 °C in vacuum for different times. The sequences 
1 to 6 correspond to an accumulative time of 15, 30.5, 46.5, 66.5, 87.5, and 92.5 hours, respectively, 
(a) Fermi surface evolution as a function of the annealing time, (b-d) Band structure evolution 
with annealing time for the momentum cuts across F (b), M2 (c) and M3 (d). (e) Band structure 
of the annealed double-layer FeSe/SrTiOs film (corresponding to the sequence 6) measured at 23 
K (left panel) and 70 K (right panel). The photoemission images are divided by the corresponding 
Fermi distribution function to highlight opening or closing of an energy gap. (f) Corresponding 
symmetrized EDCs on the Fermi momentum measured at different temperatures. Reprinted from 
[128]. 
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FIG. 16: Layer dependent Fermi surface and band structure in the FeSe/SrTiOa films. 

(a) The thickness dependence of the Fermi surface as represented by the photoemission intensity 
map at the Fermi energy at 30 K. (b) (c) The thickness dependence of band structure along the 
cut crossing F point and M point respectively, (d) Phase diagram of the FeSe-related systems. 
Values of Tc and Ta for FeSe are plotted against the lattice constant. The dashed line represents 
the extrapolated values of T^, suggesting the existence of spin-density-wave (SDW) order in bulk 
FeSe under pressure. Values of Tc for other iron selenides are also plotted in the elliptical region. 
Reprinted from [10]. 
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FIG. 17: Temperature dependence of the band structure of the N phase in the single¬ 
layer and double-layer FeSe/SrTiOs films. (a),(c) and (e) are the Fermi surface of single¬ 
layer FeSe/SrTiOa film, double-layer FeSe/SrTiOa film and BaFe 2 As 2 , respectively, (b), (d) and 
(f) Temperature dependence of the band structure measured along the M3 cut for the single-layer 
FeSe/SrTiOs him, double-layer FeSe/SrTiOa him and BaFe 2 As 2 , respectively, (g) The transition 
temperature as a function of the number of FeSe layers in the FeSe/SrTiOs hlms. Here the tran¬ 
sition temperature for the single-layer and double-layer FeSe hlms (red squares) is determined 
from the temperature dependence of the band structure where the hole-like bands begin to disap¬ 
pear. The temperature for other hlms (violet triangles) with more FeSe layers is taken from [10]. 
Reprinted from [128]. 
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FIG. 18: Band structure of the single-layer FeSe films grown on various substrates. (a,b) 
The photoemission intensity along ^^BUl, #BR1, #SX1 and #S1 across F, and the corresponding 
second derivative with respect to energy to highlight the dispersions for FeSe^^, FeSe^^, FeSe'^'’^’ 
and FeSe'^, respectively. For the definition of different substrates, refer to [131]. (c) Comparison 
of the dispersion of band a from ARPES data and the DFT calculated band structures along the 
F-M’ direction, (d) The energy separations between the a and w bands at F versus a. (e) Effective 
mass m* of band a as a function of in-plane lattice constant a, where mg is the free-electron mass. 
Reprinted from [131]. 
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FIG. 19: Replica bands observed in the single-layer FeSe/SrTiOs films and their tem¬ 
perature dependence, (a) EDCs at M shown as a waterfall plot, with markers indicating band 
peaks, (b) (c) Second derivatives in energy of the high symmetry cuts from F cut and M cut. An 
additional weaker replica, labelled c, can now be seen at M in (c), sitting 50 meV below a, and at 
the F point in (b) we see the hole band and a corresponding replica, labelled d and d, respectively, 
(d-g) Temperature dependence of the replica bands, which persist at temperatures higher than the 
gap-opening temperature. Reprinted from [118]. 
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FIG. 20: Transport and magnetic measurements of the superconductivity in the 
FeSe/SrTiOa films. (a) Temperature dependence of square resistivity (Rsg) of a 5-layer 
FeSe/SrTiOa film from 0 to 300 K. Upper inset: curves at various magnetic fields along the 

c-axis. Lower inset: the R^gCT curve from 0 to 80 K[7]. (b)The temperature dependence of resis¬ 
tance under zero field, showing =40.2K and =23.5 K. Inset: a schematic structure 

for the transport measurements in the heterostructure of 30nm amorphous Si/(10-layer)FeTe/(l- 
layer)FeSe/SrTi03[132]. (c) Temperature dependence of the resistance in situ measured on a 
single-layer FeSe/SrTiOs film[135]. The inset shows the temperature dependence of resistance 
taken on a bare SrTiOa surface, (d) The diamagnetic response measured by a two-coil mutual in¬ 
ductance system. Inset: the data near the superconducting transition in an amplified view showing 
the formation of diamagnetic screening at 21 K[132]. 
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FIG. 21: Band structure Calculations of single-layer FeSe film with different magnetic 
orders, (a) and (b) The calculated band structure of single-layer FeSe/SrTiOs film in nonmagnetic 
state and collinear antiferromagnetic state respectively[142]. (c) The calculated band structure of 
single-layer FeSe film in checkboard antiferromagnetic state[145]. 
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